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Most regulatory genes are employed multiple times to control different processes during development. The Drosophila
Ovo/Shavenbaby (Svb) transcription factor is required both for germline and epidermal differentiation, two roles also found
for its ortholog m-ovo1 in mice. In Drosophila, these two distinct functions are contributed by separate control regions
directing the expression of Ovo/Svb in the germline (ovo) and soma (svb), respectively. We report here that alternative
splicing represents an additional level of the regulation of Ovo/Svb functional specificity. Characterization of the ovoD1rv23
mutation revealed that the intragenic insertion of a novel retrotransposon, romano, inactivates ovo without altering svb. We
provide evidence that this insertion disrupts a germline-specific alternative exon, exon 2b, which encodes a 178-amino-acid
internal extension (2B). While both isoforms, Ovo2B and Ovo2B, accumulate during oogenesis, only Ovo2B is able to
fulfill germinal ovo functions. Ovo2B is unable, even when overexpressed, to fully rescue oogenic defects resulting from
the absence of wild type ovo product. By contrast, either Ovo2B or Ovo2B germline protein can substitute for Svb in the
epidermis. Our results emphasize the specific features of splicing in the germline, and reveal its functional importance for
the control of ovo/svb-dependent ovarian and epidermal differentiation. © 2002 Elsevier Science (USA)
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In animal species using sexual reproduction, the female
gamete generally provides the only cellular link between
successive generations (Saffman and Lasko, 1999; Matova
and Cooley, 2001). Elucidation of the mechanisms underly-
ing oocyte formation is therefore an important goal in
developmental biology. Drosophila oogenesis represents an
invaluable experimental system amenable to both genetic
and molecular analysis of germline formation.
The ovo gene is a key regulator of Drosophila germline
differentiation, controlling numerous aspects of oogenesis.
First, ovo is required for female germline survival, as the
absence of ovo activity results in the formation of agametic
ovaries, composed essentially of somatic derivatives (Bus-
son et al., 1983; Oliver et al., 1987). In ovo mutants, XX
1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. Fax: (33) 5 61 5565 07. E-mail: payre@cict.fr.
366germ cells start degenerating during the end of the larval
period when wild type stem cells are proliferating and
differentiating into cystoblasts (Rodesch et al., 1995; Staab
and Steinmann-Zwicky, 1996). ovo is required later during
oogenesis for the formation of a functional egg, and hypo-
morphic mutations lead to formation of flaccid eggs which
do not develop. Ovo has also been reported to be involved in
germline sex determination (Oliver et al., 1987, 1990, 1993,
1994; Pauli et al., 1993). Finally, dominant mutations (ovoD)
with antimorphic activities have been characterized. Mu-
tant ovoD1 and ovoD2 females exhibit ovaries with arrested
oogenesis, and ovoD3 mutant females lay abnormal eggs
which do not develop (Busson et al., 1983).
In addition to its role in the female germline, ovo also
controls embryonic epidermal differentiation indepen-
dently of sex. Mutations specifically altering this somatic
function are referred to as shavenbaby (svb). Mutant svb
embryos develop a cuticle mostly devoid of denticle
(Wieschaus et al., 1984). We have recently shown that
ovo/svb is a major mediator of the antagonist effects of the
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Wingless and DER pathways in the control of epidermal
morphogenesis (Payre et al., 1999). ovo/svb encodes a set of
transcription factors (Andrews et al., 2000), all of them
sharing an 841-amino-acid region that includes the DNA-
binding domain (see Fig. 1A). The ovo/svb DNA-binding
domain is composed of four zinc-fingers (Me´vel-Ninio et
al., 1991, 1995; Garfinkel et al., 1994), and has been
strongly conserved throughout evolution (Chidambaram et
al., 1997; Dai et al., 1998; Masu et al., 1998). Furthermore,
analysis of the targeted inactivation of m-ovo1, one of three
mouse ovo orthologs, argues for the evolutive conservation
of the biochemical and genetic ovo functions (Dai et al.,
1998).
Drosophila germinal (ovo) and somatic (svb) functions
correspond to the use of separate promoters (Me´vel-Ninio et
al., 1995; see Fig. 1A). The vast majority of mutations
affecting ovo/svb coding regions thus inactivate both ovo
and svb activities (Garfinkel et al., 1994; Me´vel-Ninio et
al., 1995). During oogenesis, ovo function is further regu-
lated by the production of two largely overlapping isoforms,
OvoA and OvoB (see Fig. 1A). While OvoA differs from
OvoB only by the presence of a 381-amino-acid N-terminal
extension, the two proteins display antagonist activities,
acting as transcriptional repressor and transcriptional acti-
vator, respectively (Me´vel-Ninio et al., 1996; Andrews et
al., 2000). Synthesis of OvoA and OvoB is developmentally
regulated by the alternative use of two germline promoters,
which in turn determine the ovo translation initiation site
(see Fig. 1A). The OvoB activator is the predominant form
and is responsible for most ovo activity during early germ-
line development and differentiation (Andrews et al., 2000).
The OvoA repressor is weakly expressed until the end of
oogenesis, and the tight quantitative and temporal control
of its synthesis is critical for germline development (Me´vel-
Ninio et al., 1996; Andrews et al., 2000).
The three ovoD mutations are each caused by point
mutations creating an in-frame methionine codon up-
stream of the OvoB initiation site (M373, see Fig. 1A), thus
causing deregulated expression of OvoA-like repressor iso-
forms (Me´vel-Ninio et al., 1996; Andrews et al., 1998).
These mutant repressors counteract wild type ovo activity,
provoking dominant sterility. Numerous spontaneous re-
versions of the dominant ovoD1 mutation toward recessive
loss-of-function alleles have been isolated, and correspond
to the insertion of mobile genetic elements into the ovo/svb
gene (Me´vel-Ninio et al., 1989). ovoD1 reversions have been
used to study the transposition properties of the gypsy
retrovirus (Prud’homme et al., 1995; Dej et al., 1998), and
also provide a rich source of novel ovo/svb mutations
(Me´vel-Ninio et al., 1989). The ovoD1rv23 reversion (previ-
ously called ovoD1rS1) is peculiar in that, despite its location
in the coding region (Garfinkel et al., 1992), it specifically
inactivates ovo without affecting svb (Oliver et al., 1987).
We report here a detailed analysis of the ovoD1rv23 muta-
tion and show that it results from the insertion of a novel
retrotransposon that we named romano (rom). In ovoD1rv23,
rom insertion disrupts an ovo-specific alternative exon,
exon 2b. This exon is generated by a germline-specific
splicing event and encodes a 178-amino-acid internal pro-
tein extension (2B). This alternative splicing thus results in
the production of two germinal Ovo protein isoforms,
which differ by the presence (Ovo2B), or the absence
(Ovo2B), of the 2B extension. We analyze the respective
distribution and roles of these two Ovo isoforms during the
course of Drosophila development. While both germinal
Ovo isoforms are able to substitute for svb in promoting
denticle formation in the epidermis, only Ovo2B can
fulfill ovo functions during oogenesis. Our results reveal
that ovo germline-specific splicing is essential for normal
oogenesis, and bring to light the importance of this regula-
tory level for the functional diversity of Ovo/Svb transcrip-
tion factors during development.
MATERIALS AND METHODS
DNA and RNA Analysis
Nucleic acid extraction and handling followed standard proto-
cols. High-quality genomic DNA (50 ng) was used for PCR ampli-
fication with 28 mer oligonucleotides (at position 3765 and 4910)
and Long Extend DNA polymerase mix (Roche), using a “hot start”
and “touch down” cycling procedure. Amplified ovoD1rv23 DNA
fragment was cloned, and was sequenced by using an ABI auto-
mated apparatus. For RT-PCR RNA analysis, 40 ng of polyadenyl-
ated mRNA were reverse-transcribed with a specific ovo oligonu-
cleotide and AMV Reverse transcriptase (Amersham), then
amplified with the same set of oligonucleotides that was used for
genomic DNA amplification.
Construction of Rescue and Expression Plasmids
ovo rescue and expression plasmids were derived from a 7-kb
SalI–HindIII genomic fragment, which has been shown to specifi-
cally rescue ovo mutations (Me´vel-Ninio et al., 1991). For myc-
tagged constructs, a BamHI or XbaI DNA fragment encoding three
tandem copies of the myc-epitope EQKLISEEDL was introduced
into the C-terminal part, or the 2b exon of ovo. A BamHI site was
introduced into the ovo sequence 3 codons upstream of the stop
codon by using the oligo 5-CCATGCCAGGATCCAATTAGT-
TGA-3, which substitutes the valine1408 by a glycine and histi-
dine1409 by a serine. A XbaI site was created into exon 2b by using
the oligo 5-TTGGAAGCAGAGTCTAGAGCAGCAGCGGCG-3,
which substitutes the threonine residues 1069 and 1070 by a
glycine and a cysteine. The myc-tagged ovo sequences were intro-
duced into the pW6 transformation vector. ovo(2b) and -(-2b)
minigenes were generated by replacing the NotI/Eco47III genomic
fragment (nt 3666–5338) with the corresponding cDNA counter-
parts. ovo(stop2b) was obtained by site-directed mutagenesis, re-
sulting in the introduction of a stop codon at position 3960, i.e., 60
residues after the beginning of exon 2b. Modified genomic se-
quences were introduced into pDM23 transformation vector (Fly-
base ID: FBmc0000170), or into a pDM23 derivative that allowed
in-frame -galactosidase fusions (Me´vel-Ninio et al., 1995). All
constructs were verified by DNA sequencing.
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Genetics
We used standard Drosophila techniques throughout (Ash-
burner, 1989). Flies were raised at 23°C. ovo mutant alleles used in
this study were ovoD1rv37 (Me´vel-Ninio et al., 1989) and ovoD1rv23
(Oliver et al., 1987). Ovaries were stained with DAPI and examined
under epifluorescence. Cuticles were mounted in Hoyer’s/lactic
acid and observed with a Zeiss Axioplan microscope equipped with
phase-contrast optics (63; 1.40 n.a.).
Immunolabeling and in Situ Hybridization
Ovaries were dissected in phosphate-buffered saline (PBS) 
0.1% Triton, fixed in 3.7% formaldehyde in PBS  0.3% Triton for
20 min and washed four times for 10 min in PBS  0.3% Triton 
0.5% BSA (PBT). Ovaries were then incubated overnight at 4°C
with preadsorbed rabbit anti-myc antibodies (Upstate Biotechnol-
ogy) at 10 g/ml. After four washes, ovaries were incubated for 2 h
at room temperature with preadsorbed fluorescent secondary anti-
bodies (Vector) used at 1:400. Ovaries were mounted in Vectashield
(Vector) and visualized by confocal microscopy. X-gal staining and
in situ hybridization were carried out as described in Me´vel-Ninio
et al. (1995). Images were processed with Photoshop 5 (Adobe)
software.
RESULTS
Insertion of a Novel Retrotransposon into
the Alternative Exon 2b Is Responsible
for the ovoD1rv23 Reversion
The ovoD1rv23 mutation has been reported to correspond to
a genomic rearrangement located in the transcribed part of
the gene (Garfinkel et al., 1992; Fig. 1A). To determine
whether ovoD1rv23 affects ovo transcription, and to identify
the molecular basis of this ovoD1 reversion, we character-
ized the mutation in more detail. Analysis of ovarian ovo
transcripts revealed that the ovoD1rv23 mutation leads to the
production of a truncated polyadenylated mRNA species,
approximately 3 kb in length (Fig. 1B). Northern blot
analysis using probes specific to different exons showed
that the truncated ovoD1rv23 mRNA contains sequences from
exon 2a and 2b, but terminates before the beginning of exon
3 (Fig. 1B). To identify the sequence providing a novel
polyadenylation signal, the genomic fragment encompass-
ing exon 2b and intron II was analyzed by polymerase chain
reaction (PCR). Amplification of either wild type or ovoD1
FIG. 1. Molecular characterization of the ovoD1rv23 mutation. (A) Schematic representation of the ovo/svb locus. Exons specific to the
germline ovo transcripts are drawn as white boxes, the exon specific to the somatic svb transcript as a black box, and exons common to
both germline and somatic transcripts as gray boxes. Position of the two initiator codons used during oogenesis to respectively generate
OvoA (M1) and OvoB (M373) is indicated as well as that created by the ovoD1 mutation (MD1). Position of the four zinc-finger motifs is also
indicated by ovals. Position and name of introns are indicated. (B) Northern blot analysis of ovoD1rv23 ovarian transcripts. Polyadenylated ()
and poly(A) () RNAs prepared from dissected ovaries of wild type and ovoD1rv23/FM3 flies were analyzed by using probes specific to exon
2a, 2b, or 3. The ovoD1rv23 mutation leads to the production of a truncated polyadenylated RNA that terminates inside the 2b alternative
exon. (C) Molecular structure of the ovoD1rv23 chromosome. Genomic DNA was extracted from wild type flies (wt), ovoD1 males (D1),
heterozygous (D1rv23/) or homozygous (D1rv23) females, and was PCR amplified by using oligonucleotides complementary to exons 2a and
3 (drawn as arrows in A). Wild type and ovoD1 DNA give rise to a 1123-bp fragment, whereas the ovoD1rv23 chromosome produces a fragment
of approximately 9 kb, revealing that the ovoD1rv23 allele contains a large DNA insertion. Control experiments included amplification in
absence of DNA (T), and using plasmids carrying ovo genomic DNA (gen) or svb cDNA (cDNA). M, DNA molecular weight marker.
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(parental) DNAs generated a 1.1-kb-long fragment. By con-
trast, the ovoD1rv23 chromosome generated a 9-kb fragment
(Fig. 1C), thus indicating the insertion of a large DNA
fragment between exons 2a and 3. Sequence analysis re-
vealed a 7660-bp-long inserted DNA, at position 4292 in the
ovo gene, i.e., within the region transcribed into the alter-
native exon 2b (Fig. 1A). This inserted DNA shares exten-
sive sequence similarity with the 412 transposable element,
and displays a similar organization: four predicted open
reading frames, the presence of long terminal repeats, and
the duplication of an hexamer sequence at the insertion site
(Fig. 2). These results indicate that, consistent with its
spontaneous origin, the ovoD1rv23 mutation is due to the
insertion of a 412-like mobile genetic element. Owing to its
mobility, we named this novel retrotransposon romano
(rom) (its detailed characterization will be reported else-
where). Insertion of rom results in the interruption of the
exon 2b reading frame after residue 1082. The creation of a
stop codon 4 residues downstream (Fig. 2B) leads to the
production of inactive C-terminally truncated Ovo proteins
that lack the zinc-finger DNA binding domain. Since svb
function is not affected in ovoD1rv23 mutants, this specific
ovo inactivation by an insertion in exon 2b brings to light
the key role of the alternative exon 2b for the ovo germinal
function.
ovo(2b) mRNAs Are Generated
by a Germline-Specific Splicing
ovo/svb mRNAs containing the alternative exon 2b have
been found in both ovaries and early embryos (Garfinkel et
al., 1994; Me´vel-Ninio et al., 1995). We further analyzed the
pattern of accumulation of ovo/svb mRNAs, with or with-
out exon 2b, in the germline and the soma. The splicing
mode of ovo/svb mRNAs was followed by a semiquantita-
tive RT-PCR assay using a pair of oligonucleotides border-
ing the 2/3 exonic junction (see Fig. 1A). In ovaries, the vast
majority of ovo mRNAs were found to contain exon 2b (Fig.
3A). In preblastoderm embryos, 2b-containing mRNAs
were also abundant, suggesting their maternal inheritance.
By contrast, 2b-containing transcripts are the minor spe-
cies at all other developmental stages where it was de-
tected, including adult males. Spatial distribution of the
2b transcripts during embryogenesis was further analyzed
by whole-mount in situ hybridization. Detection of 2b
transcripts in the cytoplasm of embryos before the onset of
zygotic transcription confirmed the maternal inheritance of
ovo mRNAs, which are then restricted to pole cells during
cellularization. In subsequent developmental stages, exon
2b staining remained restricted to the germline, whereas a
probe corresponding to exon 3 revealed svb mRNA distri-
bution in somatic tissues (Fig. 3B). At stage 16, all embryos
display a 2b staining in the mature gonad, indicating that
males as well as females express ovo(2b) transcripts (Fig.
3B). These results indicate that the alternative splicing
event leading to the inclusion of 2b sequences is specific to
ovo transcripts, and restricted to the germline.
Localization of Ovo Isoforms during
Germline Development
In order to distinguish between the Ovo2B and Ovo2B
isoforms, and determine their respective distribution dur-
ing oogenesis, we generated transgenic lines allowing their
specific detection. In a first construct, a myc-epitope was
added at the C-terminal end of the ovo sequence, in order to
FIG. 2. The ovoD1rv23 mutation results from the insertion of a novel transposable element, romano (rom), into the ovo 2b alternative exon.
(A) Schematic representation of the ovoD1rv23 genomic organization. Sequence determination of the ovoD1rv23 DNA identified this insertion
as a new member of the 412 family of retrotransposons. The genome of this novel retrotransposon, which we named romano (rom), is 7660
bp long, contains four predicted open reading frames (drawn as open arrows), and is flanked by two long terminal repeats (LTR). (B) Insertion
of the rom element occurred at position 4292 on the ovo sequence and led to the duplication of a hexamer sequence at the insertion site
(underlined). ovoD1rv23 transcripts including exon 2b produce a C-terminally truncated Ovo protein containing, at its C-terminal end, three
amino acids from the rom LTR.
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reveal the expression of all Ovo isoforms. In the second
construct, the myc epitope was introduced into the 2b
coding sequence, thus allowing to specifically trace the
Ovo2B isoform (Fig. 4A). Each of the two constructs was
able to rescue the female sterility of null ovo mutations,
indicating that both myc-tagged Ovo proteins were fully
functional.
Immunodetection of tagged Ovo proteins failed to reveal
differences in the temporal, or spatial, expression between
Ovo2B alone, and Ovo2B plus Ovo2B, although the
signal was reproducibly stronger with the C-terminally
tagged protein. In ovaries, the two isoforms accumulate in
the nuclei of germinal cells, starting as early as germarial
stages 1 and 2 (Fig. 4B). To specifically visualize the
Ovo2B isoform, we generated an ovo C-term lacZ con-
struct in which a stop codon was introduced into the exon
2b open reading frame [ovo(stop2b)-lacZ; Fig. 4A]. There-
fore, only mRNAs that have spliced out exon 2b give rise to
Ovo2B/-gal protein. Examination of stained ovaries from
females carrying ovo(stop2b)-lacZ confirmed that the
Ovo2B protein is expressed in germ cells throughout
oogenesis, albeit at low levels in the germarium and stage
10 oocyte (Fig. 4C). To further investigate whether intronic
or exonic sequences located between exon 2a and 3 could
influence the pattern of Ovo accumulation, we generated
two additional constructs: ovo(-2b)-lacZ and ovo(2b)-
lacZ lacking intron IIb only, or exon 2b plus intron IIb,
respectively (see Fig. 4A). Expression of ovo(2b)-lacZ and
ovo(-2b)-lacZ was indistinguishable in all transgenic lines
examined (Fig. 4C) and reproduced the expression of a
transgene containing wild type ovo sequences (see Me´vel-
Ninio et al., 1995). This shows that no major elements of
ovo transcriptional regulation are contained within exon 2b
or intron IIb. It also indicates that the 2B internal protein
extension has no noticeable effect on Ovo protein localiza-
tion or stability. Interestingly, both Ovo2B and Ovo2B
isoforms accumulate in the apex of adult testes (Fig. 4C),
indicating that the alternative splicing leading to exon 2b
inclusion takes place in both male and female germline.
Altogether, these results establish that, although Ovo2B
is expressed at lower levels, both Ovo2B and Ovo2B
isoforms accumulate in germ cells, with roughly the same
pattern during ovarian development.
Functional Analysis of the Ovo Isoforms
during Oogenesis
A 7-kb genomic fragment has been shown to contain all
regulatory and coding sequences responsible for the ovo
germinal function (Me´vel-Ninio et al., 1991). To assess the
function of each Ovo isoform during female gametogenesis,
we generated transgenic constructs designed to produce
exclusively either Ovo2B or Ovo2B. These constructs
are similar to those producing -gal fusions, but encode Ovo
proteins without any tag (see Fig. 4A). Briefly, in the
ovo(stop2b) construct, the stop codon introduced into the
exon 2b open reading frame specifically inactivates the
Ovo2B isoform. Therefore, this construct produces wild
type levels of Ovo2B isoform but no Ovo2B isoform.
The ovo(2b) and ovo(-2b) transgenes are artificially de-
prived of intron IIb and IIa, respectively, and thus lead to the
exclusive synthesis of Ovo2B or Ovo2B at the same
level (Fig. 4C). Using these transgenes, we tested the ability
of Ovo2B and Ovo2B to restore normal oogenesis when
expressed into ovo mutants. In addition to ovoD1rv23, we used
another reversion of ovoD1, ovoD1rv37, caused by the insertion
FIG. 3. mRNAs containing the ovo alternative exon 2b are
generated by a germline-specific splicing event. (A) RT-PCR detec-
tion of ovo(2b) and -(2b) transcripts. mRNAs extracted from
dissected adult ovaries (ov), males (), and embryos at different
stages (0–4, 4–6, 6–8, 8–12, 12–14, 14–16, and 16–20 h of
development at 25°C) were analyzed by RT-PCR using oligonucle-
otides located in exons 2a and 3 (see Fig. 1A). Transcripts without
exon 2b produced a 235-bp DNA fragment; transcripts containing
exon 2b generated a 769-bp amplicon. An equimolar mix of two
plasmids containing ovo cDNAs with or without exon 2b was used
as control (T). (B) In situ hybridization of ovo(2b) (a, c, e, g) and
ovo/svb (b, d, f, h) transcripts during embryogenesis. The exon 2b
probe reveals that transcripts are maternally inherited and corre-
spond to predominant ovo/svb transcripts during the earliest stages
of embryogenesis (a, b: preblastoderm embryos). Then, ovo(2b)
mRNAs concentrate in pole cells at the blastoderm stage (c, d).
Transcripts containing exon 2b are specific to the germline during
the rest of embryonic development (e, g), while the probe corre-
sponding to exon 3 reveals somatic expression of svb mRNAs (f, h).
e, f: stage 14 embryos; g, h: stage 17 embryos.
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FIG. 4. Expression of ovo-myc and ovo-lacZ reporter lines. (A) Schematic representation of the constructs used to generate expression
lines. In the first two constructs, the green portion represents the position of the triple myc epitope insertion. LacZ coding sequences (blue
shading) were fused to the ovo sequence two codons upstream of the stop codon. The stop2b construct has a stop codon inserted into the
exon 2b sequence. In the 2b and -2b constructs, cDNA with or without exon 2b, respectively, replaces the wild type genomic region
encompassing intron IIa. (B) Pattern of accumulation of myc-tagged Ovo proteins in the adult germline. Expression during oogenesis is
similar when the myc tag is located at the C-terminal end (a: stage 8 egg chamber, b: germarium) or in exon 2b (d, e). Both myc tags also
allow the detection of Ovo protein in the testis apex (c, f). (C) Expression of ovo-lacZ transgenes. The ovo(stop2b)-lacZ transgene confirms
that Ovo2B is expressed throughout oogenesis, albeit at a weak level in the germarium and vitellogenic oocyte. Ovo proteins produced
by the ovo(2b)-lacZ and ovo(-2b)-lacZ transgenes accumulate at the same level, indicating that no major elements regulating Ovo
expression, or stability, are contained in the region between exons 2a and 3 (a, d, g: ovariole up to stage 10; b, e, h: germarium; c, f, i: adult
testis).
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of a gypsy element inactivating ovo promoters, thus pre-
venting the expression of any ovo products (Me´vel-Ninio et
al., 1989). Both ovoD1rv23 and ovoD1rv37 are considered as null
mutations, and lead to agametic phenotypes (Oliver et al.,
1987; Me´vel-Ninio et al., 1989; see Figs. 5A and 5C). A
single copy of ovo(2b) was sufficient to fully restore the
fertility of ovoD1rv23 and ovoD1rv37 females (Figs. 5B and 5D).
The rescued females laid the same number of eggs as wild
type. This complete rescue indicates that the Ovo2B
isoform is able to fulfill all ovo functions required for
female gametogenesis.
Rescue experiments using the ovo(stop2b) transgene,
which encodes only Ovo2B, produced strikingly different
results. One copy of ovo(stop2b) had no noticeable rescuing
effects in about half of the examined ovoD1rv37 ovaries. In the
other half, egg chambers developed only up to stage 4 (Fig.
5E). When females carried two copies of ovo(stop2b), ovar-
ian development could proceed up to stage 10. After stage
10, apoptosis of nurse cells was observed (Fig. 5G) and no
egg was laid. These experiments show that Ovo2B, pro-
duced at endogenous levels, is not able to promote correct
ovarian development.
To further assay whether Ovo2B, when artificially
expressed at a higher level, could substitute for wild type
ovo function, we tested the rescuing ability of the ovo(-2b)
transgene. As shown above, this transgene expresses
Ovo2B at a level similar to that of Ovo2B produced by
the fully rescuing ovo(2b) transgene. Nevertheless, one
copy of ovo(-2b) was not able to rescue the fertility of
ovoD1rv37 females. Ovaries remained small, composed of
fewer ovarioles than wild type ovaries. When egg chambers
developed beyond stage 10, degeneration and apoptosis of
nurse cells were observed (Fig. 5F). Some rare eggs were laid
(5–10 per female, per day), which were flaccid. With two
copies of ovo(-2b) (Fig. 5H), a higher proportion of egg
chambers developed up to maturity, but again, the laid eggs
did not develop.
As observed with ovoD1rv37, two copies of ovo(-2b) could
not rescue fertility of ovoD1rv23 females. However, ovaries
from ovoD1rv23 females displayed a variety of pathologies not
observed with ovoD1rv37 (Figs. 6A–6D). Egg chambers con-
taining an odd number of nurse cells, or filled with apopto-
tic nurse cells, were observed. Some ovaries were exclu-
sively composed of mature eggs and fragments of
degenerating ovarioles, indicating that only a few germline
stem cells were able to divide and differentiate. The rare
eggs laid were abnormally short, and displayed ventralized
eggshells with fused dorsal appendages. This later pheno-
type is similar to that described for eggs laid by females
carrying the weak ovoD3 dominant mutation (Perrimon,
1984). These observations strongly suggest the existence of
residual antimorphic products in ovoD1rv23 ovaries, not com-
pensated by the poorly active Ovo2B isoform. Taken
together, our results indicate that the Ovo2B protein is
essential for wild type ovarian development, and can fulfill
all ovo functions in the germline. In contrast, Ovo2B,
even when artificially expressed at similar levels, does not
substitute for Ovo2B in promoting ovarian development
up to female fertility.
Ovo2B Can Substitute for Svb in Somatic Tissues
The somatic Svb protein that controls epidermis differ-
entiation does not contain the 2B-protein extension. It was
therefore of interest to test whether exon 2b could consti-
tute a functional switch between the germline and somatic
ovo/svb functions. We tested the ability of Ovo2B and
Ovo2B to rescue the svb somatic phenotype. While in
wild type embryos, six rows of ventral epidermal cells per
segment produce a denticle, svb mutant embryos display
essentially naked cuticle (Wieschaus et al., 1984; Payre et
al., 1999). Transgenic UAS constructs encoding either
Ovo2B or Ovo2B were introduced into the svb mutant
background, and expressed under the transcriptional con-
trol of a ptc-Gal4 driver. ptc is expressed in two separate
two-cell-wide stripes corresponding to denticle rows 2 and 3
and naked cuticle, respectively. In svb mutant embryos,
ptc-Gal4-driven UAS-ovo(-2b) allowed both the phenotypic
rescue of denticle rows 2 and 3, and induced the formation
of a stripe of ectopic denticles (Fig. 7). Expression of
Ovo2B gave similar results. It even resulted in a slight,
but significantly stronger effect in promoting denticle for-
mation in the epidermis. Therefore, while the 2B polypep-
tidic extension is essential for the ovo germline function,
this motif does not significantly influence ovo/svb function
in the soma.
DISCUSSION
An unpredicted result coming from the sequence analy-
sis of metazoan genomes is the relatively small number
of genes (Lander et al., 2001). The complexity of higher
organisms cannot be correlated with an increase in gene
number, indicating that increasing intricacy of gene regu-
lation is a major component in evolution. Analysis of
model systems amenable to molecular genetics is thus
required to elucidate the mechanisms involved in the
functional diversification of individual genes controlling
the development.
In Drosophila, the ovo/svb gene encodes a set of tran-
scription factors, which control female germline forma-
tion, as well as embryonic epidermal morphogenesis in
both males and females. These two distinct developmen-
tal functions of ovo/svb rely on separate control regions,
which direct ovo/svb expression in the germline (ovo), and
in the epidermis (svb) (Garfinkel et al., 1994; Me´vel-Ninio
et al., 1995). Within the germline, two alternative promot-
ers further regulate the production of Ovo proteins with
antagonistic transcriptional activities (Andrews et al.,
2000).
We show here that an internal protein domain, encoded
by a germline-specific alternative exon, is essential for
oogenesis and not somatic ovo/svb functions, thus reveal-
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ing another level of regulation of ovo activity during Dro-
sophila development.
A Germline-Specific Splicing Generates
an Internally Extended Ovo Isoform
The ovo/svb intron II is bordered by a single 3 splice
acceptor site and two alternative 5 splice donor sites.
Depending on which of the two 5 splice donors is used,
ovo/svb mRNAs will or will not include the exon 2b, which
codes for a 178-amino-acid peptide (2B). We show here that
the downstream splice donor site is specific to the germline,
as exon 2b containing transcripts are found only in germinal
cells. In somatic tissues, the splicing machinery always
uses the upstream-most 5 splice site, thus generating
transcripts lacking exon 2b. These data emphasize the
specificity of the splicing machinery in the germline, as
previously illustrated by the splicing of the P-element
transposon. Splicing of the P-element third intron (IVS3) is
active exclusively in germ cells, and repressed in somatic
cells by the PSI factor, thus restricting P transposition to
the germline (Laski et al., 1986; Adams et al., 1997).
Which candidate genes could be involved in the germline-
specific splicing of ovo mRNAs? ovo belongs to the group of
the so-called “ovarian tumor genes,” in which mutant germ
cells accumulate in excessive number and fail to form
normal 16-cell cysts. Other genes of this class could be
candidates for regulating ovo/svb pre-mRNA splicing, espe-
cially Sex-lethal (Sxl) and sans-fille (snf), which display
splicing regulatory activities. The Sxl protein directs the
female-specific processing of transformer RNA in the soma
(Sosnowski et al., 1989) and acts to control the splicing of
its own pre-mRNA (Bell et al., 1988; Salz et al., 1989). The
snf gene encoding a component of U1 and U2 snRNPs is
involved in somatic as well as germinal Sxl RNA splicing
(Salz and Flickinger, 1996). Two lines of evidence argue,
however, against either Sxl or snf being involved in regu-
lating ovo splicing. First, previous genetic analyses have
ruled out a role for snf and Sxl upstream of ovo in the
cascade of genes controlling female germline differentiation
(Oliver et al., 1993); and second, the splicing of ovo RNA
was found unaltered in females homozygous for the snf1621
mutation (unpublished data). An alternative splicing that
generates the inclusion of an internal protein extension has
also been described in the case of another ovarian tumor
gene, ovarian tumor (otu). Here, again, only the larger
isoform can fully substitute for wild type otu function
(Steinhauer and Kalfayan, 1992; Sass et al., 1995). This
shows that alternative splicing is a major mechanism
regulating the activity of genes controlling germline devel-
opment, and opens the possibility that ovo and otu alterna-
tive splicing are controlled by the same factors.
romano, a Novel Retrotransposon
The ovoD1rv23 mutation allowed the discovery of a novel
retrotransposon, romano, which was most probably intro-
duced very recently in the genome of Drosophila melano-
gaster. Indeed, romano sequences were not found in the
sequences obtained from the Drosophila genome project.
This recent introduction of romano represents a promising
model to study how the spreading of this class of mobile
genetic elements is controlled.
Our characterization of the ovoD1rv23 mutation revealed
also that premRNA processing functions differentially in
the germline and the soma. Insertion of the romano trans-
poson into exon 2b causes premature transcription termi-
nation and polyadenylation of ovo mRNA, resulting in the
production of truncated transcripts in ovaries. In somatic
cells, however, presence of the romano sequences in the
transcribed svb region does not alter the production of wild
type svb mRNAs (data not show), as also attested by the
absence of any cuticular phenotype in ovoD1rv23 homozygous
embryos. This indicates that romano sequences directing
transcription termination and polyadenylation in ovoD1rv23
ovaries are only recognized by RNA processing factors
specific to the germline. Further studies on the functional
organization of romano might allow the identification of
such factors.
The Ovo2B Isoform Is Required
for Ovarian Development
Our analysis of Ovo isoforms shows that the 2B protein
extension is necessary for the ovo germline function, since
only Ovo2B can fulfill normal germinal development. By
contrast, the presence of the 2B-protein region has no
noticeable influence on the somatic function, indicating
that the germinal alternative splicing represents an impor-
tant parameter of ovo/svb functional diversification. This is
further supported by the evolutionary conservation of the
2b alternative splicing, and its regulatory function, in a
distantly related diptera, Bactrocera oleae, a tephritid
species thought to have separated from drosophilidae
for more than 120 million years (S. Ibn Souda, personal
communication).
The germline mode of splicing could be used to modify
Ovo properties in several ways. Alternative splicing result-
ing in modified binding specificity of zinc finger transcrip-
tion factors has been reported in Drosophila (DiBello et al.,
1991; Read and Manley, 1992; Gogos et al., 1992). In the
case of ovo/svb, the 2b alternative splicing does not modify
the zinc finger domain, which has been shown, in vitro, to
determine DNA binding specificity (Lu¨ et al., 1998; Lee and
Garfinkel, 2000; Lu¨ and Oliver, 2001). Moreover, the inter-
nal 2B peptide does not drastically modify the DNA binding
specificity of Ovo proteins in vivo, since both Ovo2B and
Ovo2B are able to substitute for Svb when expressed in
the soma. Alternatively, exon 2b could encode an activation
domain important for either quantitative or qualitative
regulation of ovo targets, or both. The exon 2B peptide does
not display significant homology with other known protein
domains, therefore elucidation of the biochemical function
of the 2B-protein region awaits further work. Interestingly,
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ovo orthologs in mice also display alternative transcripts
and splicing (Dai et al., 1998; Masu et al., 1998), raising the
possibility that the function of ovo might be regulated
posttranscriptionally in mammals as well.
Multiple Functions of Ovo during Oogenesis
Rescue experiments with transgenes producing various
amounts of the poorly active Ovo2B product suggest that
increasing Ovo activity is required during oogenesis. Only
the early stages of germ cell division and differentiation can
be achieved by endogenous levels of Ovo2B. Overexpres-
sion of Ovo2B allows further egg chamber development,
but leads to oogenic arrest and apoptosis of germ cells. Full
rescue of ovo mutations then requires higher ovo activity,
only obtained with Ovo2B. These results suggest that ovo
might be required to activate an increasing number of target
genes during oogenesis, or alternatively, some targets
would require a higher threshold of ovo activity.
The use of Ovo2B in rescue experiments also revealed
novel features of ovo function during oogenesis. First,
although ovoD1rv23 is considered as a null mutation (Oliver et
al., 1987; Staab and Steinmann-Zwicky, 1996; Hinson and
Nagoshi, 1999), our results strongly suggest the existence of
a residual antimorphic activity in the ovoD1rv23 females. This
activity is most probably provided by the OvoD1-2B repres-
sor isoform, synthesized from transcripts that have spliced
out exon 2b and romano sequences. This hypothesis is
further supported by experiments showing that the specific
expression of the OvoD1-2B isoform causes dominant female
sterility (F.P., unpublished observation). Second, our rescue
assays have created experimental conditions of unbalanced
FIG. 5. The Ovo2B protein is required for ovarian development.
Nuclear staining of dissected ovaries from ovoD1rv23 or ovoD1rv37
female carrying different transgenes expressing specific Ovo iso-
forms. Ovaries from homozygous ovoD1rv23 (A) and ovoD1rv37 (C)
females display an agametic phenotype. One copy of ovo(2b)
restores a wild type phenotype (B, D). Ovaries from homozygous
ovoD1rv37 females carrying one (E) or two (G) copies of ovo(stop2b).
When ovoD1rv37 females carry one (F) or two (H) copies of ovo(-2b),
which produces higher amounts of the Ovo2B protein than
ovo(stop2b), ovarian development proceeds further. Apoptotic egg
chambers are seen (arrows in F and G). Two copies of ovo(-2b) allow
the ovarian development to proceed further, albeit egg chambers
with an excess of nurse cells are observed (arrowhead, H).
FIG. 6. Ovo2B-mediated rescue of the ovoD1rv23 mutation leads
to numerous ovarian defects. Nuclear staining of ovaries dissected
from ovoD1rv23 females carrying two copies of the ovo(-2b) trans-
gene. (A) Partial rescue results in formation of ovaries displaying a
variety of pathologies. Egg chambers are observed in which follicle
cells failed to migrate (arrow). Traces of degenerating ovarioles are
seen (arrowhead). (B–D) Higher magnification of defective egg cham-
bers. (E) In rare cases, egg chambers develop up to maturity, giving
rise to abnormal small eggs, presenting fused dorsal appendages.
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ratio of repressor and activator activity, allowing the detec-
tion of previously unnoticed phenotypes. Interestingly,
some of the observed defects in ovoD1rv23 ovaries rescued by
Ovo2B resemble those resulting from otu hypomorphic
mutations (Storto and King, 1988; Steinhauer and Kalfayan,
1992). These observations correlate with the recent findings
that otu behaves as a direct target of Ovo transcription
factors (Hager and Cline, 1997; Lu¨ et al., 1998; Lu¨ and
Oliver, 2001). However, increasing otu expression (hs-otu)
is not sufficient to rescue all the ovarian defects resulting
from ovo mutation (Hinson and Nagoshi, 1999; Hinson et
al., 1999). Therefore, a major challenge now resides in the
identification of other ovo target genes. Since most of the
available ovo mutations lead to either complete absence of
germline, or early arrest of oogenesis, partial rescue of ovo
function by Ovo2B should provide a clue for the molecu-
lar identification of the specific target genes that mediate
Ovo activity during the different steps of Drosophila oogen-
esis.
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